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1. INTRODUCTION

The purpose of this "SBIR program is to research and develop a new laser Doppler
velocimeter for deployment in the ocean. The system must be programmable and
autonomous, and must operate unattended over periods of about six months. The system
will ultimately operate in highly dynamic shallow water environments and must be capable
of providing magnitude and direction of the velocity distribution in two directions and
associated flow turbulence as a function of time. The system will be utilized to measure
sediment motion and a variety of ocean transport phenomena in highly dynamic situations. -

The choice of hardware was suggested in the Phase I proposal and has been implemented
during the Phase I work. It included a laser diode to illuminate the particles, three Bragg
cells to obtain velocity directionality and to separate the horizontal and vertical velocity
components, an avalanche photodiode (APD) to collect the scattered light, a
programmable digital signal processor (DSP) and solid state memory to record and process
the velocity data, and optics to produce the measurement volume and collect the scattered
light. All of these components were carefully chosen with the goal of satisfying the
NAVY's requirements with the smallest possible system.

As indicated later in this report, the total power consumption of the final system would be
about 10 watts during data acquisition, and 0.2 watts during the waiting periods. Total time
of data acquisition during the six month period is expected to be about 24 hours. This
operational time assumes that a velocity reading is made every hour on the hour. This time
could be reduced if instead of collecting data at constant time intervals, a sensor such as a
microphone or an accelerometer was used to activate the velocimeter during times of
vigorous activity. The data acquisition logic will be decided in close consultation with
NAVY technical personnel.

During the performance of the Phase I work we compared the capabilities of a pulsed laser
diode configuration with those of a continuous wave laser diode and concluded that no
major advantages were obtained by pulsing the laser diode. This conclusion would have
been different if a different family of lasers had been considered (such as YAG). However
the power limitations imposed by a battery operated system clearly define the laser diode
as the best candidate and we therefore chose it for our work.

The velocity of the water flow was measured in a test cell oriented both horizontally and
tilted 34 degrees from the horizontal. The vertical and horizontal velocity components
were simultaneously measured thus providing the magnitude of the velocity as well as the
direction traveled by each particle crossing the probe volume. The light scattered by these
particles was collected by lenses and directed to an avalanche photodiode where it was
converted into an electronic signal. This electronic signal was amplified and stored in solid
state memory for after-processing. FFTs were performed by the programmable digital
signal processor providing the frequency spectrum which separated the two components of
the velocity. The frequency resolution using a 100 MHz A/D converter was estimated at
2.5 KHz which corresponded to 0.07 m/s. For a velocity of 7 m/s this represents a
resolution of 1%. The frequency of the A/D clock could be varied to optimize the
resolution of a particular frequency range. This resolution could also be enhanced by
algorithms which include skipping and multiple FFTs. Velocity resolution between 0.1%
and 0.5% should thus be possible.
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Recent discussions with the technical program monitor indicate that measuring the particle
size would considerably enhance the capability of the system. It is our opinion and
recommendation that such capability could be added to the probe without a substantial
increase in its complexity. This stems from the fact that the processor is programmable and
could incorporate additional algorithms.

2. BACKGROUND AND THEORY

The LDV transmitter produced three laser beams which crossed to form the probe volume.
Particles traveling though this probe volume scattered light which contained the velocity
information. This scattered light was collected by a receiver, transformed by an APD into
an electronic signal with similar time and amplitude variations, and digitized and stored by
the electronic processor. To measure two velocity components each of the three laser
beams was frequency shifted by a Bragg cell such that the difference in frequency between
any two beams was unique and separable in the frequency domain. Figure 1 shows the
three laser beam configuration while Figure 2 shows a schematic of the breadboard used in
Phase I. As indicated on Figure 1, the three frequencies were: 75, 80, and 90 MHz, which
produced frequency differences of 5, 10, and 15 MHz. Thus the horizontal velocity
component had a frequency shift (fs ) of 5 MHz, the vertical velocity component had a
frequency shift (fs2) of 10 MHz, and the 15 MHz shift corresponded to a diagonal velocity
component which was discarded. A stationary particle positioned in the probe volume
would scatter light which contained all three frequencies. As the particles moved due to
flow velocity, the processed frequencies would be:

f, = fS± U/6 1, (1)

f2 = fs2+ V/62' (2)

where f, and f2 are the processed frequencies, 6 and 6 are the fringe spacings, and U and V
are the velocity components in the horizontal ahd verfical directions. The values of 6. and
62 were 2814m and 25 pm respectively. U/6 is referred to as the Doppler frequency and its
sign can be easily established by comparing f to fs.

The above theory leads to the conclusion that a single photodetector and a single electronic
processor can provide the velocity magnitude and direction in two axes. This was
successfully demonstrated with the Phase I system. The constraint imposed by this system
is that f. and f, must be separable in the frequency spectrum. This can be easily met in
ocean applications since the velocities are very slow. A very conservative design would
require that the difference between f, and f2 be four times the maximum expected Doppler
frequency.

The Phase I design was based on a maximum velocity of 10 m/s crossing a 25 pm fringe
spacing, therefore yielding a Doppler frequency of 0.4 MHz. Thus, the difference between
processed frequencies, must be - f = 1.6 MHz. This can be achieved with Bragg cells
operating at 80 MHz, 81.6 MHz, and84.8 MHz. The maximum processed frequency would
then be 5.2 MHz (for a 0.4 MHz shift) and the minimum frequency would be 1.2 MHz. A
20 MHz digitizer would exceed the requirements imposed by Nyquist limit, and provide
excellent velocity resolution. During Phase I we used a 100 MHz digitizer which is much
faster than necessary and uses more power than a 20 MHz digitizer, which according to this
simple analysis would be more adequate for the Phase II system.

For most ocean applications the velocity would be even slower than the value assumed
above; probably in the order of cm/s. In this case the digitizer could be much slower than
the chosen 20 MHz resulting in even lower power consumption.
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Mie scattering solutions

The scattering cross-section of particles between approximately 2 and 20 microns in
diameter were computed for three indices of refraction and two collection angles. The
indices of refraction were 1.05, 1.1, and 1.2 which according to the literature are fairly
typical of particles found in the ocean. The angies of collection were 160 and 180 degrees.
While the Phase II system would operate at 180 degrees, the Phase I collection angle was
chosen as 160. This was due to the fact that we were short of one beam splitter to
implement the 180 degree configuration. For the purposes of system evaluation it makes
little difference since the scattering cross-section is of the same order magnitude for the
two collection angles. The other parameters which influence the scattering cross-section
are the laser wavelength, the F/# of the receiving lens, and the polarization of the incident
beam. These parameters are listed with the results.

The results are given on Tables 1 through 6 and on Figures 3 and 4. These results were
used in predicting signal to noise ratios. It is evident from these figures, that the scattered
light intensity collected in back scattering is a strong function of index of refraction. This
combined with the nonpherical shape of the particles precludes accurate particle sizing
using backscatting. An on-axis configuration would collect light which is scattered by
diffraction which is more insensitive to shape and index of refraction and would therefore
yield more accurate results. Appendix A and B show possible schemes which would
provide the particle velocity and size distributions. It is shown that for angles of collection
near on-axis (zero degrees) the intensity of the scattered light is reasonably independent of
index of refraction.
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DATA FILENAME :on120160
LENS DIAMETER IN (MM) = 20.000
NUMBER OF INTEGRATION ALONG RADIUS & PI = 5 5
LENS CENTER DISTANCE IN (MM) = 50.000
LENS CENTER ANGLE IN (DEGREE) = 160.000
LASER WAVELENGTH IN (MICRON) = .8150
LASER POLA TO X (X TO Y) IN (DEGREE)= 90.000
INDEX OF REFRACTION = 1.200 .000

F(1) : RESPONSE FUNCTION
1/10 : RATIO OF SCATTER TO INCIDENT INTENSITY

CROSS SECTION (1.OE-8 CM^2)

SIZE PARA. DIAM.(MICRON) F(1) I/I0
10.0000 2.5942 .1415E+00 .2380E-02
20.0000 5.1885 .2661E+01 .4477E-01
30.0000 7.7827 .5932E+01 .9981E-01
40.0000 10.3769 .8399E+01 .1413E+00
50.0000 12.9711 .2166E+02 .3644E+00
60.0000 15.5654 .1147E+02 .1930E+00
70.0000 18.1596 .3338E+02 .5617E+00
80.0000 20.7538 .2816E+02 .4739E+00

Table 1. Mie scattering computations for particles with an index of refraction of 1.2
collected at 160 degrees.

DATA FILENAME :onl10160
LENS DIAMETER IN (MM) = 20.000
NUMBER OF INTEGRATION ALONG RAPTUS & PI = 5 5
LENS CENTER DISTANCE IN (MM) = 50.000
LENS CENTER ANGLE IN (DEGREE) = 160.000
LASER WAVELENGTH IN (MICRON) = .8150
LASER POLA TO X (X TO Y) IN (DEGREE)= 90.000
INDEX OF REFRACTION = 1.100 .000

F(1) : RESPONSE FUNCTION
1/10 : RATIO OF SCATTER TO INCIDENT INTENSITY

CROSS SECTION (1.OE-8 CM^2)

SIZE PARA. DIAM.(MICRON) F(1) I/I0
10.0000 2.5942 .3949E-01 .6644E-03
20.0000 5.1885 .9905E-01 .1666E-02
30.0000 7.7827 .2639E+00 .4441E-02
40.0000 10.3769 .9807E+00 .1650E-01
50.0000 12.9711 .2854E+01 .4802E-01
60.0000 15.5654 .6725E+01 .1131E+00
70.0000 18.1596 .1181E+02 .1988E+00
80.0000 20.7538 .2048E+02 .3447E+00

Table 2. Mie scattering computations for particles with an index of refraction of 1.1
collected at 160 degrees.
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DATA FILENAME :on105160
LENS DIAMETER IN (MM) = 20.000
NUMBER OF INTEGRATION ALONG RADIUS & PI 5 5
LENS CENTER DISTANCE IN (MM) = 50.000
LENS CENTER ANGLE IN (DEGREE) =160.000

LASER WAVELENGTH IN (MICRON) = .8150
LASER POLA TO X (X TO Y) IN (DEGREE)= 90.000
INDEX OF REFRACTION = 1.050 .000

F(1) :RESPONSE FUNCTION
1/10 :RATIO OF SCATTER TO INCIDENT INTENSITY

CROSS SECTION (1.OE-8 CMA2)

SIZE PARA. DIAM.(MICRON) F(1) 1/10
10.0000 2.5942 .9050E-03 .1523E-04
20.0000 5.1885 .2273E-01 .3824E-03
30.0000 7.7827 .3192E-01 .5371E-03
40.0000 10.3769 .5256E-01 .8843E-03
50.0000 12.9711 .1078E+00 .1814E-02
60.0000 15.5654 .1442E+00 .2426E-02
70.0000 18.1596 .1878E+00 .3160E-02
80.0000 20.7538 .3363E+00 .5658E-02

Table 3. Mie scattering computations for particles with an index of refraction of 1.05
collected at 160 degrees.

DATA FILENAME :on120180
LENS DIAMETER IN (MM) = 20.000
NUMBER OF INTEGRATION ALONG RADIUS & PI 5 5
LENS CENTER DISTANCE IN (MM) = 50.000
LENS CENTER ANGLE IN (DEGREE) =180.000

LASER WAVELENGTH IN (MICRON) = .8150
LASER POLA TO X (X TO Y) IN (DEGREE)= 90.000
INDEX OF REFRACTION = 1.200 .000

F(1) :RESPONSE FUNCTION
1/10 :RATIO OF SCATTER TO INCIDENT INTENSITY

CROSS SECTION (1.OE-8 CM^2)

SIZE PARA. DIAM.(MICRON) F(1) 1/10
10.0000 2.5942 .1146E+00 .1928E-02
20.0000 5.1885 .7788E+01 .1310E+00
30.0000 7.7827 .1741E+02 .2929E+00
40.0000 10.3769 .3226E+02 .5427E+00
50.0000 12.9711 .4843E+02 .8148E+00
60.0000 15.5654 .3197E+02 .5380E+00
70.0000 18.1596 .1245E+03 .2094E+01
80.0000 20.7538 .1178E+03 .1982E+01

Table 4. Mie scattering computations for particles with an index of refraction :)f 112
collected at 180 degrees.
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DATA FILENAME :on110180
LENS DIAMETER IN (MM) = 20.000
NUMBER OF INTEGRATION ALONG RADIUS & PI =5 5
LENS CENTER DISTANCE IN (MM) = 50.000
LENS CENTER ANGLE IN (DEGREE) = 180.000
LASER WAVELENGTH IN (MICRON) = .8150
LASER POLA TO X (X TO Y) IN (DEGREE)= 90.000
INDEX OF REFRACTION = 1.100 .000

F(1) : RESPONSE FUNCTION
1/10 : RATIO OF SCATTER TO INCIDENT INTENSITY

CROSS SECTION (1.OE-8 CM^2)

SIZE PARA. DIAM.(MICRON) F(1) I/I0
10.0000 2.5942 .5457E-01 .9182E-03
20.0000 5.1885 .2808E+00 .4724E-02
30.0000 7.7827 .9971E+00 .1678E-01
40.0000 10.3769 .3010E+01 .5065E-01
50.0000 12.9711 .7700E+01 .1296E+00
60.0000 15.5654 .1744E+02 .2935E+00
70.0000 18.1596 .3293E+02 .5541E+00
80.0000 20.7538 .5105E+02 .8589E+00

Table 5. Mie scattering computations for particles with an index of refraction of 1.1
collected at 180 degrees.

DATA FILENAME :on105180
LENS DIAMETER IN (MM) = 20.000
NUMBER OF INTEGRATION ALONG RADIUS & PI =5 5
LENS CENTER DISTANCE IN (MM) = 50.000
LENS CENTER ANGLE IN (DEGREE) = 180.000
LASER WAVELENGTH IN (MICRON) = .8150
LASER POLA TO X (X TO Y) IN (DEGREE)= 90.000
INDEX OF REFRACTION = 1.050 .000

F(1) : RESPONSE FUNCTION
1/10 : RATIO OF SCATTER TO INCIDENT INTENSITY

CROSS SECTION (I.OE-8 CM^2)

SIZE PARA. DIAM.(MICRON) F(1) I/10
10.0000 2.5942 .2668E-02 .4490E-04
20.0000 5.1885 .7440E-02 .1252E-03
30.0000 7.7827 .7256E-01 .1221E-02
40.0000 10.3769 .3921E-01 .6597E-03
50.0000 12.9711 .6340E-01 .1067E-02
60.0000 15.5654 .3149E+00 .5298E-02
70.0000 18.1596 .2171E+00 .3652E-02
80.0000 20.7538 .3084E+00 .5189E-02

Table 6. Mie scattering computations for particles with an index of refraction of 1.05
collected at 180 degrees.
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Scattering vs Size Parameter at a 1 600 Collection Angle

1.000-

0.100

E

- 0.001
An- n =z 1.20

1 .OOOE-4 - l-1 n =1.10
0-0 n = 1.05

1.000E { 0 ___________5_____
0 0 40 60 s0 100

Siz-e Parameter (dimensionless)

Figure 3. Mie scattering computations for particles with three indices of refraction
collected at 160 degrees.
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Scattering vs Size Parameter at a 18B00 Collection Anqie
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Figure 4. Mie scattering computations for particles with three indices of refraction
collected at 180 degrees.
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3. EXPERIMENTAL BREADBOARD

The key elements of the Phase I breadboard (see Figure 2) are:

* Laser diode Melles Griot model 06DLL707 with temperature compensation and power

control.
* Three Bragg cells Isomet model 1205C-1 specially coated to cover the laser diode

wavelength of 815 nm. The Bragg cells were powered by three separate drivers with
corresponding constant frequencies of 75, 80, and 90 MHz. This choice of frequencies
allowed for spectral separation of b9th the horizontal and vertical velocity components.

* Avalanche photodiode (APD) Texas Optoelectronics model TIED88 and custom made
preamplifier board.

* Programmable digital signal processor (DSP).
* Optics to produce probe volume and collect the scattered light.

The laser diode operated TEM at 815 nm and was capable of providing 40 mw of power.
For the purposes of Phase I theaser diode included a commercial temperature controller
and power regulator which are bulky and not appropriate for an underwater system.
However, these controllers would not be necessary in an ocean environment since the
temperature of the ocean does not change by more than about 20 F in any particular
location.

The laser beam was split into three beams and each was frequency shifted by one of the
Bragg cells. These beams were crossed by a transmitting lens to form three overlapping
fringe patterns which were spectrally separated. The difference in frequency between the
two horizontal beams and the two vertical beams was 5 MHz and 10 MHz respectively. A
parasitic diagonal shift of 15 MHz is also obtained but it was easily filtered out.

The APD is the optimum photodetector for near infrared detection. Its power requirement
is much smaller than that required by a photomultiplier tube since its quantum efficiency is
about ten times lar*er. Furthermore the APD is small and rugged. Unlike conventional
laser Doppler velocimeters in which one detector is needed for each velocity component, a
single detector was employed here to measure the vertical and horizontal velocity
components. This is possible because the signals can be spectrally separated as explained
above.

The programmable electronic processor was made by Signatec and included a Texas
Instrument DSP320C25 which capable of 10' operations per second. Thus fast Fourier
transforms can be performed in a few milliseconds. Furthermore, the processor could be
programmed to perform any combination of algorithms for signal acquisition and
processing. While the Phase I processor was hosted by an IBM personal computer, the
Phase II version would stand alone.

The laser beam, which was nominally 8 mm in diameter, was minified to about 1 mm by a
combination of two lenses (L, and L) with focal lengths of 200 and 25.4 mm. The beam
splitter BS separated the beam into t-vo parts, a reflected part and a transmitted part. The
transmittei portion of the beam was split again by BS.. Each one of these three beams
entered the respective Bragg cell. A combination of mirrors and lens L3 was used to cross
and focus the beams into a probe volume of about 60 pm in diameter and with vertical
fringe spacing of about 25 ,m, and horizontal fringe spacing of 28 pm. The light scattered
by particles was collected at 160 degrees and focused on the APD by two lenses L4 and L.)
with an equivalent F/2.5. The APD converted the scattered light into an electronic signal
which was processed.

11
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To demonstrate the three beam laser Doppler velocimeter in water, a Plexiglass test
chamber was constructed. A pump flowed water through the chamber and a 2 mm orifice
and valve were used to control the flow velocity. With the valve wide open the flow rate
was measured to be 1.5 liters/min, corresponding to an average velocity at the 2 mm orifice
of approximately 8 m/sec. Polystyrene particles with a diameter of 9.87 pm and
monodisperse to within 0.057 pm were added to the water to provide calibrated scatterers
to be measured by the LDV.

4. RESULTS

Signal amplitude and signal to noise ratio

The largest signals corresponded to particles traveling through the center of the Gaussian
probe volume. The peak pedestal of these signals had values of about 200 mv. The
amplitude of these signals could be predicted with the following expression:

Signal Amplitude = Ip x R,

where I represents the peak of the pedestal and is given in watts of collected light, and R is
the det'ctor response which is given in volts/watt.

I was estimated from the Mie scattering solution knowing the particle size (10 pm), the
ifIdex of refraction (1.2), the angle of collection (160), the F# of collection (2.5), and the
laser wavelength (815 nm). The scattering cross-section of a 10 micron polystyrene particle
in water was thus computed to be about 0.14 Um 2 (see the value of I/Io on Table 1 for a
10.37 pm particle). The illuminating beams had a combined total power of 20 mw and
focused to a 60 pm diameter probe volume. The power density in the middle of the probe
volume was then estimated at 7 x 106 w/pm 2. The power densit multiplied by the
scattering cross-section yields the total collected light, which is 9.8 x 10- watts.

The response of the detector is given by:

R = R. x APD gain x terminal resi-tance x amplifier gain.

For the APD at a wavelength of 815 nm, the radiant responsivity R 0.3 amps/watt; the
APD gain was calibrated to be 25, the terminal resistance was 1000 ohms, and the amplifier
gain was 75. These values yield a detector response of 5.6 x 1W volts/watt.

The peak signal amplitude can ,.hen be computed to be 550 mv. The signal output was ac
coupled which imited the peak s;gnal to about 50% of its value, that is 275 my. This
prediction is very close to the measured value of 200 mv and gave us confidence to predict
the signal level associated with particles of different diameter and index of refraction.

For the amplifier gain of 75 the peak to peak electronic noise was about 40 mv. This was
established given that an ac threshold of 20 mv excluded triggering on the electronic noise.
Since the measured signals had a peak amplitude of 200 ..v, the signal to noise ratio was
about 10. This signal to noise ratio could also be established from the frequency spectrum
by comparing the height of the signal bins and the adjacent noise bins. It was desirable to
set the threshold level above the electronic noise to avoid triggering on the noise and fill up
the memory with useless information. Since this signal/noise corresponded to a scattering
cross section of 0.14 pm 2, it could be concluded that the minimum scattering cross-section
would be approximately 0.014 um2 for a signal to noise ratio of unity This minimum could
be decreased by reducing the noise, and there are various ways to meet this goal. First,
since the frequency range of interest was established to be between 1.1 and 5.5 MHz,
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analog filters could be used to limit the frequency to this range. This would reduce the
bandwidth to about 10 MHz instead of the 50 MHz used during Phase I. Second, more
efficient APD and amplifier combinations could be selected. The combined effect of these
two improvements would result in reducing the noise by about a factor of 10. Under these
conditions the minimum scattering cross-section would be 0.0014p iM2 .

The scattering cross-section is a function of particle size and index of refraction. Tables 1
through 6 show sample computations obtained by solving the Mie scattering equations for
indices of refraction 1.05, 1.1, and 1.2. These values are typical of the micro-organisms and
sediment found in the ocean. If we use the value of 0.0014 pm 2 as the minimum scattering
cross section detectable by the system, it can be seen from these tables that for an index of
refraction of 1.2 the minimum detectable diameter is about 2 pm; for an index of refraction
of 1.1 the minimum detectable diameter is about 5 pm, and for an index of refraction of
1.05 the minimum detectable diameter is about 12A pm.

The velocity distribution

Experiments were run at various flow rates and with the test chamber inclined at various
angles to produce different velocity components in the horizontal and vertical directions.
Figures 5 and 6 show the results of a sample burst corresponding to one of these
experiments for an inclination of the test chamber of 34 degrees and the flow control valve
wide open. The frequency spectrum was obtained by performing an FFT on the collected
data. Notice the values of f, = 5.225 MHz and f2 = 10.25 MHz. Substituting these values
into equations (1) and (2), we arrive with velocity values of U = V = 6.2 m/s. In this
particular example the U and V components are equal and correspond to flow moving at
45 degrees. In general, U and V can have arbitrary values. This arrangement permits the
measurement of flow velocity and turbulence at arbitrary directions; including recirculating
flows. Figure 7 shows a portion of the signal corresponding to a stationary particle (pump
off). The Fourier transform of this signal is shown on Figure 8 and demonstrates that for
the no flow case the measured frequency corresponds only to the Bragg cell frequency shift
(i.e. 5 and 10 MHz respectively).

A sample of 13 bursts was analyze to study the turbulence of the flow coming out of the
orifice. This is a very small sample for any statistical purposes but it serves to demonstrate
a concept. The mean velocity of the flow at this point based on the 13 measurements was
8.76 m/sec. The direction of flow was found to be 560. The standard deviation of both the
velocity and direction of the flow was found to be 10%, indicating the high degree of
turbulence. A visual display of these measurements is shown on Figure 9.

PHASE II SYSTEM

For a maximum velocity of 10 m/s and assuming a fringe spacing of 25 microns we
estimated above that the required frequency shifts would be 1.6, and 3.2 MHz. These could
be achieved with three Bragg cells operating at 80, 81.6, and 84.8 MHz, or with two Bragg
cells operating at 80 and 81.6 MHz while utilizing the first and second orders.
Alternatively, these frequency shifts could be obtained by running three laser diodes at
slightly different wavelengths. In Phase I we demonstrated that the three Bragg cell
approach is sound; the two Bragg cell approach appears to be a straight forward extension.
Here, two Brag cells would be driven with frequencies of 80 MHz and 81.6 MHz, thus the
second order frequencies would be 160 and 163.2 MHz. The horizontal velocity
component could be measured by mixing the first order beams which yield a frequency shift
of 1.6 MHz; the vertical component of the velocity could be measured by mixing the second
order beams which yield a frequency shift of 3.2 MHz. It may also be worth considering the
three laser approach in the beginning of Phase II since if they prove successful, they

13
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consume less power than the Bragg cells. Since this approach has not been demonstrated,
we will describe the Phase II system under the assumption that three Bragg cells will be
used for frequency shifting.

The complete Phase II system is expected to measure 7" x 26" as indicated on Figure 10.
The system will include a battery pack, the electronic processor, memory, laser power
supply (this may or may not be necessary), Bragg cell drivers, single mode diode laser,
telescope for beam conditioning, two beam splitters, three Brag& cells, three rhombs for
beam steering, a plate beam splitter, transmitting lens, receivin& lens, and avalanche
photodiode. The shape of the system is expected to be cylindrical with a single window for
transmitting the laser beams and receiving the backscattered light.

An alternative Phase II system is shown on Figure 11. This alternative system would
incorporate particle sizing capability. Based on the discussion above, the beast result are
expected when the light is collected in the forward scattering direction. Thus, this system
would include a fiber optic receiver which collects the scattered light and transfers it to the
photodetector. Furthermore, the probe volume may have to be shaped as an elongated
sheet as indicated on Appendix A, to avoid the Gaussian ambiguity associated with a round
beam. The final configuration will depend on the needed resolution. The alternative
system will also include the capability of measuring the transmitted laser beam in order to
correct the scattered signal by the obscuration.

Data acquisition and memory requirements.

The choice between solid state memory and a more permanent record, such as a tape,
would have to be made during the Phase II effort. Solid state memory requires very little
power to operate but it is vulnerable to power outage. A tape backup, or some other
means of permanent memory may be necessary if the chances of power interruption are
reasonably large. The information to be stored in memory consists of the mean and
fluctuation of the horizontal and vertical velocity components, as well as the Reynolds
stress and the time of collection. A total of six 2-byte parameters (U bar, V bar, U', V',
U'V', t) are expected to be stored for each run. A run should consist of approximately
10,000 particles measured over 20 seconds or so every hour or as defined by a data
collection logic. The time of collection or the data rate would have to be automatically
adjusted to account for variations on the data rate. The raw data associated with 10,000
particles is about 1 Mb. To avoid a large electronic processor actual high speed memory
will be limited to 64 Kb and the data will be acquired in 16 intervals. The information
associated with these 10,000 particles will then be condensed to six 2-byte parameters for a
total of 12 bytes.

Assuming that data are acquired every hour for six months, a total of 4320 runs will be
stored which translates to 51840 bytes. Alternatively data may be acquired when prompted
by an external sensor such as a microphone or an accelerometer. Under this last scenario
data would be acquired when the conditions of the ocean exceed some pre-determined
threshold.
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Power budget

20 MHz electronic processor with 64 Kb of memory 6 watts

Three Bragg cells 3 watts

40 mw laser diode 0.2 watts

APD 0.16 watts

External sensor (if chosen) 0.02 watts

The total power consumption would be about 10 watts during data acquisition, and about
0.02 watts during waiting periods.

For 24 events per day with a duration of 20 seconds the total data acquisition time for six
months would be 24 hours. The waiting time would be 4296 hours. The total energy
required by the system would then be:

24 hrs x 10 watts + 4296 hours x 0.02 watts = 326 watt-hours.

The system could be designed to operate at 12 volts thus requiring 27 amp-hours. There
are several batteries which appear to satisfy this energy requirement while maintaining a
reasonable size. Examples of these batteries include lead calcium and sealed lead acid.
The precise choice of batteries will be an important task during Phase II.

CONCLUSIONS AND RECOMMENDATIONS

1. The programmable processor allows the implementation of intelligent algorithms
which can be specifically tailored to optimize the data acquisition and processing in a
marine environment.

2. The three Bragg cell concept allows for simple discrimination of two velocity
components using a single wavelength laser and a single photodetector.

3. The diode laser provides ample power with very little energy consumption making it an
ideal choice for a battery operated system.

4. Particle sizing can be added to the Phase I system with reasonably simple
modifications. Forward scattering collection may be required to obtain adequate
signal resolution.

To demonstrate the three beam LDV in water, a Plexiglass test chamber was constructed.
A pump flowed water through the chamber and a 2 mm orifice and valve were used to
control the flow velocity. With the valve wide open the flow rate was measured to be 1.5
liters/min, corresponding to an average velocity at the 2 mm orifice of approximately 8
m/sec. Polystyrene particles with a diameter of 9.87 pm and monodisperse to within 0.057
pm were added to the water to provide calibrated scatterers to be measured by the LDV.
Two lenses were used to provide an F/2.5 collection system which focused the scattered
light onto an APD detector. The signal from this detector was amplified and sent to the
programmable DSP.
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Abstract Background

A nonintrusive particle sizing technique for For particles significantly larger than the

measuring the size and velocity of particulates in wavelength most of the light is scattered into the
a rocket plume is presented. This technique forward direction. The Fraunhofer diffraction
utilizes two crossing plane laser sheets to form theory adequately describes this scattering pheno-
an elongated probe volume wih a known intensity menon.

3  
There are several particle sizing tech-

profile. This shape of probe volume is not only niques based on this principle. Swithenbank et

less susceptible to beam wander, but also has the a1
4  

utilized a monolithic photodiode array

capability of two dimensional probing of particle detector to analyze the spatial distribution of
size and velocity. Experimental results are pre- e scattered light. They then obtained the size

sented for particles in the size range of 1.1 Via distribution parameters form from the Fourier

to 3.3 um. These results show good consistency transform of the signal amplitude distributions.
with Mie calculations. Actual measurements on For particles in the size range of interest, the

rocket engine plumes would require a more powerful scattering function is a very complex function of
laser and faster electronic processors, the size, shape, index of refraction of the parti-

cle and the scattered angle.
3 

The scattered light
Introduction of large particles can be described by three com-

ponents; namely, reflection, refraction and dif-
The mechanism of particle formation in the fraction. The first two components are sensitive

combustor and plume of a rocket engine is not well functions of the above parameters. On the other
understood.

1  
These particulates can cause nozzle hand, the diffracted light intensity is indepen-

erosion resulting in performance degradation. A dent of the refractive index and monotonically

tungsten-tipped ablatively cooled sampling probe, increases with size. Since the diffraction pat-
immersed in a high-temperature (-4000K) environ- tern of the scattered light is concentrated in the

ment with a large concentration of high-velocity forward direction, it leads to a useful concept
aluminum oxide particles from the rocket motor for particle sizing. The intensity of the

exhaust, revealed that the solid particulates of scattered light collected in the forward direction
A120 3 were of submicron size and formed agglomer- will be insensitive to the variation of the

ates of tip to a few microns.
1  

Thus, the ability refractive index and particle shape and be a

to measure small farticles (submicron) moving at monotonically increasing function of particle

high speed (-10 m/s) in an optically noisy size. However, a forward scatter geometry implies

environment is the key to rocket engine research a very large measurable volume. Moreover, beam
and performance assessment. stops are required to block the unscattered laser

beams which can generate noise to the receiver. A
A laser plane velocimetry technique is pre- reasonable compromise would be a near forward

sented in this paper. It is based on laser scattered angle of collection to avoid the inci-
Doppler velocimetry, but laser beams are expanded dent laser beams, and reduce the size of the probe

into plane sheets which cross to form an elongated volume. It should be noted that for the size

probe volume. Parametric numerical calculations range of interest in rocket plumes (0.5 um to
'f the Mie scattering solution were performed to 10 Its), Fraunhofer diffraction cannot be used.

establish the optical conditions less subject to However, we found by solving the rigorous Mie

error and ambiguity. An optical breadboard was scattering equations that many of the desirable
built based on the results of the above studies. features of the forward scattered light were also
This breadboard was interfaced to an electronic encountered at that size range.

data processor and a data management system.
Several optical scattering techniques have

Known size polystyrene microspheres were used been proposed for measuring particle size and

to calibrate the system. Arbitrary distributions velocity. Very few, however, would work in a
were formed by mixing different size polystyrene rocket plume environment. The visibility tech-

particles. Results are presented for monodis- nique
5 , 

for instance, is only applicable to parti-

perse, bimodal and trimodal distributions. A ties much larger than the wavelength and, as was
Berglund-Lin droplet generator which is capable of pointed out

6
, beam degradation will introduce very

producing strings of known size droplets
2 

(>4Oti) large errors. The intensity ratioing technique
7

was also used. Smaller size particles were simu- has been applied to small particles in a more

lated by masking the receiver. This method was limited size range (.3 Um to 2 pm).

primarily used to align the optics and estimate
the signal to noise ratio. Studies of the signal IMAX/P14AX

8  
which use three laser beams

to noise ratio as a function of particle size at crossing at the probe volume are capable of
various photomiltiplier gains showed that a higher meastring particles in the size range of inter-
power laser would be required to extend the est. However, it is expected that at the rocket
measurable range to smaller size particles. For engine nozzle expansion region, large temperature
an actual rocket engine plume measurement, a gradients could cause beam wander which will limit

faster electronic processor would also be needed. the usability of these techniques. A technique

Col w l (e) Amokm tWfifult of Aeromatkg Md
Astroseetk. Inc.. 1985. AN ribis rwmawed.



based on the scattered light intensity has demon- a series of regions, each one with uniform, *

strated capability of measuring particle size dis- although different, intensities. Each one of
tributions in the 1-30 wjm range in a flow of high these regions can be imaved to; a photodetctir,
temperature.

9  We extend this method to a plane thus providing a ;imultanetous measuremeiTt of the
laser Doppler velocimetry type of measurement particle size and velocity at different parts of
where particles are illuminated with a known light the spray.

intensity. Particle sizes can be obtained from
the scattered light intensity compared to Mie This is best illustrated with the mathematical

calculat ions. This method requires a known size -xpresslons that define the above concept. The
particle to calibrate the system. intensity o the light scattered r)v , particle of

size a - index of refraction n, it 1n angle
Description of Technique 'l is gvenb:

In this technique, laser sheets are formed 2 2 2 2
with cylindrical lenses and crossed to form a I =21 K(a,n,0) expl,- --- + V 

+  
zy

pruhe volume (Figure 1). This produces an elon- h h 4 b

gated probe volume which provides the potential of b 1
measuring various positions of the plume at the
same time. The size of the particles is obtained 4 xq in(')
from the light scattered when they cross the probe cosh( xz_ + cos in( V11, (1)
volume, and the velocity, from the Doppler fre- b +-

quency. Because the p)robe volume is elongated, o

the intensity distribution is a very "flat' where d is the particle diameter, V is its visi-
Gaussian, and we can think of the probe volume as hiLity, X the wavelength, K the scattering

coefficient, y the cross-section angle, ) the

waist radius in the x direction, b I the waist
radius in the y direction, and x,v,z the coordi-
nates. Origin is defined -t the center of the
probe volume.

The scattering coefficient K(a,n,) is, in
Trajectory general, a very complex function when d is of the

order of A. However, a parametric s'udv, 1Is-

X cussed later, showed that for shallow angles (1 4
S

° ) the function is close to monotonic with parti-
cle size thus allowing the measurement of a. The
particle size is obtained from the peak of the

scattered light after the ic modulation is fil-

tered out. This function is normally referred to

as pedestal, and is given by

2 2 22

13 4 P = 2l K(c1,n,O) exp f-2 x + +

(a) )O I h

rcosh (XT-] (2)
b
h02

The peak of the scattered light for particles
traveling in the x direction occurs at x = 1).
Also the variation of the intensity in the z
direction can he normal ly neglected. Therefore,
the peak of the pedestal at any location y is

. 05N . . . . .r -3 given by

2 sin - : " :_ - .
2 sin Pmax(y) - 21 K (a,n,9) exp r v . (I)

r_2  r2 rh 2  max

Since the laser beams are expanded In the y direc-
(b) tion by cylindrical lcnacs, hi can be quite large

(typically b1 20 b)). The probe volume can then
Fig. l(a) Expanded laser sheets of wavelength X be divided into various segments of width Ay, such

crossing at angle y to form an elnn- that each one of these segments has an associated
gated probe volume. Particles move value of y and for all practical purposes the
along x as shown. intensity within any such segment is constant.

Therefore,
(h) Light intensity at each portion of the

probe volume ro,rl ...i s known from the )
elongated G;ausslan profile. Particle Pmax (v) 21 K( 0 ,n,9) exp - 2(iAy)> (4)

size can be determined from the light h1 h)

scattered from each portion of the
probe volume. 6 is the fringe spacing.



Here I represents the segmtnt n oi er which migAht materitalIs andi ide x of ref rc t ion atiy be presenti 2
also corres;pond to in issocitied photodetectLor. in the rocket plumes, it is imiportant to etils

c-Idittoris which ir, less sens;itive to thes;e veir-
Ea ch of thlese phot ide tert or s wil IIrisr I it ions . both realI (n ,) and i mai,i ry (n,) part--

PP3(y. ) and knowing i vid Av ono k-iii solve for of the refractive inidices hive beek-n va'r Ied( ti-

Kl a ,n ). Fo r known valuIes of ) -ini ne 10CIII check the sens;itivity of t hes;e pairaime te r s. The
then solve for the s ize parameter , 'i and from va lies; we re obtal nieil f rom the document AFRI'L-FR-
it obtain the diameter of thI e part I c Ic 81-54. Figures; - and 3 s h ow the scattered

n t en - ity as I funct ion o)f thle pairrti clIe sz e
-na Ilv t i caIi Coipu t I ti i)ns of thle Scaittoer ing iitri me t er a for different values of n01 and n, at
Fu n ct io ns J i t fe rent scat tered an gles F i go Ire 4 shows VI

I t eg r Itei sca- (,tIteQred I I ot en si tY fior a I ' ~.h cio i ecc-
T o oiht.-Ii i thIIe zi er par, ime ter -xi it Is; n ec Ps s. irv tioii lens centered at different scttered angles.

to knTow the functional relaitionship of K(ci,n,0) is1
,iven by Eqiiat ion (4). As mrit inned earlier, this It can be c--onc-luded from these, calculaitions
functi o c-an be wuite complex ;in,] it is neces;sary that the scattered light intensity will not b? . i
ton f mIii thle oiid iIt in ns unde r wh i cli tin I a, mbi iioi - t i ye- funct ion if tihe refract iv, i nIdeK Is long,
t ies;, i f any v, ire wi thi Ii to I. rab Ic erroir ia rg n05. isli the ,isre me n t s aIre conf ined ti ;sh.i I I iw aing los-,
The I-unpit it i I is were riide is;i1 i ng i a i uni r id v,-r - 'f cl )IIec-t iOil ( <5'). I n ad d it ion)r, a sini I Ion cer -
; i on o f Dave ' su10-;ib r onot inca i nrog rmme1 i ii a PD PI I tainlte in i1 wilIl have Litt le effect in the ulver-
c ompolte r. E x ct e-eiv pa r eIme t r I c ,t Iid io5 we re coni- a 11 i ntens it v funct ion. For At. 03 this changei
duicted ti nutabl i.sh opt i moin experimental condi -

i ons . These, pa r ime te rs; Intc 1 ide tlie ;ing It, of
coll Iect ion (I) . The solIid ani!le of co l lec tion (A )
and inidex it retraiction (01 - in-). the res ults 10i /

siw th it ire ir firwitri ;scattring n g I es I)f o
cI IleC t ion 5'I s 5) orfter the bes-;t iptic-alI
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within an error established by the electronics.
Normally, this ac signal results from the fringes
which limit the probe volume. It was, however,

found that for signals with large optical noise,
the light scattered from a single beam could pro-
duce sufficient ac content that would fool the

electronics and be processed. Figure 8 shows the
threshold as a function of diameter for different

high voltages to the photomultiplier. The dia-
meter shown is the abscissa normalized to unity
and represents the relative position within the
size histogram. This result indicates that an
intense light source and a low PMT voltage will K2
required to obtain a large dynamic size range
given a specified threshold level.

Fig. 6 Schematic Representation of Experiment.

processor to reject optical noise and to limit the
detection of the scattered light to particles in 400

the probe volume. A low pass filter eliminated Iv

the ac component of the signals measured by the
pulse height analyzer.

Resu lts

Two approaches were used to produce known size

particles to calibrate the system and estimate the
S/N. The first consisted of using a Berglund-Liu
monodisperse droplet generator which P capable of
producing a string of equal size dr), nets. Figure
7 shows a typical size/veloc " togram of this 0. 01,

monodisperse distribution. r droplet size in
this case is 41 pm, which ich larger than the Fig. 8 Noise level as a function of particle
size range of interest t rocket plume diagnos- size for different PMT voltages.
tics. Since, these d-)plets are large (40 to 60
im), they were only used to align the optics and The second approach consisted of blowing
obtain some simui.ced conditions by masking the polystyrene particles of 1.1 lim to 3.3 wm in
receiver and 1imiting the collected scattered diameter. These particles were first diluted in
light. Thus, particles of different sizes could distilled water. A nebulizer powered by an air
he sirmlated and the S/N established, compressor was then used to inject the water mist

together with the polystyrene particles into a
heating chamber. There the water mist was evapo-
rated and the solid polystyrene particles were
blown (by the same air compressor) into the proh-
volume. This allowed LIe measurement of known

in size particles in the size range of interest.

Different size particles could be diluted in water

thus producing more complex distributions such as
Z bimodal and trimodal.

Figure 9 shows typical histograms (size and

C velocity) of the 1.7 pm particles. Figure 11
shows the results corresponding to a hrodal

U distribution of 1.1 lim and 1.7 nim, and Figure 11

shows a trimodal distribution of 1.7 pm, 2.7 jim,
and 3.3 jim. It should be noted that the high

voltages to the PMT in Figures 10 and It are
different and, therefore, the location of the 1.7

41 s o.7 ',, jim is shifted. We had to do this because, in
oIMNFTz Itro.) VzWcITY (./.) order to measure the I. I Wm, the high voltage had

to be increased. This high voltage was, however,
Fig. 7 Monodisperse droplets from Berglund-Lini not compatible with the 3.3 jm particles since,

droplet generator of diameter of 40.8 jim. for the limited laser power used in these exper-
iments (25 MW of red light), the 3.3 lim signal

The S/N study was conducted at various gain would have been much broader due to excess noise.
and threshold levels yielding the conditions where
satisfactory measurements could be made. Note The theoretical relative sizes obtained fruo
that the detection criterion is based on the the Mie codes are shown on the histogrims. Fr
ability of the ac signal to produce N fringes the most part, the peaks are within 10 if the
above the threshold with a frequency stable to predicted ones which is consistent with ;ome of



1. the amhi gnui t ies e xpe r ienccd b t he scat fo ring
function. It can he observed in the histograms
that the size distribution of the larger particles
Is broader. This broadenin g would bhe considerably
reduced with a more power fu I laser o c m"r,

En advanced electronic processing. Nevertheless, the

results are quite remarkable for a nonintrustve

technlque making measurements in such complex size

Z range. These results confirm that tihe techo iquc

"3 is extremely promising to perform measurements in

a real rocket pIume, given the avai Lahi lty of a

0 high power laser and a faster electronic

U processor.
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